The effect of stress peening on the surface layer characteristics of the TiB 2 /6351Al Composite including residual stress, microhardness and microstructures were investigated. The results show that the compressive residual stresses and microhardness were improved by stress peening. Microstructures investigation showed that, the deformation amount increased by stress peening which results in smaller domain size and higher density dislocations/microstrain. The more reinforcements distributed in the matrix played an important role in the compressive residual stresses increments and microstructures improvements. Stress peening is an effective method to improve the compressive residual stresses and the work-hardened state of the TiB 2 /6351Al Composite.
Introduction
The industrial products have been developed in view of the energy saving and environment problems recently. Thus the reduction of weight of components and structures is a current subject in wide areas of automotive, aerospace and mechanical industries. Nevertheless, the miniaturized components and structures have to fulfill the miniaturization and high strength simultaneously. This can be achieved by a better use of the higher property materials such as metal matrix composites (MMCs). More importantly, another possibility is the surface modification such as shot peening (SP).
MMCs are found to exhibit excellent physical and mechanical properties such as specific high modulus, strength as well as thermostability etc. 1) But the large difference in the coefficient of thermal expansion between the matrix and the reinforcements gives rise to residual stresses during manufacturing and subsequent heat treatment. Since these stresses are tensile in the matrix, they may deteriorate the fatigue properties.
2) It is therefore of interest to apply mechanical surface treatments to enhance the fatigue properties of the MMCs. SP is one of the effective mechanical surface treatments, and it is widely used in industry on gears, springs and other machine parts. It can considerably improve fatigue strength and fatigue life of cyclically loaded metallic components.
3) These improvements are achieved by inducing compressive residual stresses (CRS) and work-hardening effects in areas close to the surface. The possible increase in the fatigue resistance by using conventional SP treatments is limited. 4) In order to enhance the surface properties, a great deal of efforts has been made on the modified shot peening treatments such as stress peeing 5, 6) and warm peening. 7) In the process of stress peening, the components or structures is stressed in the tensile direction while shot peening. After shot peening, the parts will be relieved of the applied load, which produces an even higher CRS in the deformation layer.
Stress peening is especially suitable for the components and structures under tensile cyclic loadings. Many studies dealt with the traditional metallic materials, 5, 6) but the influence of stress peening on metal matrix composites has been limited reported. The short report deals with the effects of stress peening on the surface layer characteristics, including CRS, microstructures and microhardness, of TiB 2 /6351Al composite. The results are also discussed.
Experimental
The TiB 2 /6351Al composite (10 vol% TiB 2 ) used in this study was synthesized in-situ according to Refs. 1, 8) with a nominal chemical composition of 1.0 Si, 0.6 Mg, 0.6 Mn, 6.7 B, 3.0 Ti, and balance Al (in mass%). The size of the reinforcements is between 50 nm and 500 nm. The synthesized composites were hot extruded to a rod with a diameter of 35 mm at a temperature of 450 C using extrusion ratio of 10:1. Before SP, heat treatments were conducted, that is, solution treatment at 530 C for 110 min, then quenching into the water, and finally aging at 170 C for 6 h. The Young's modulus E and proof stress 0:2 of the composite are 80 GPa and 300 MPa, respectively. And the elastic limit e is about 210 MPa. This was regarded as the initial state of the composite. Three groups of samples were cut from the center of the rod along the extrusion direction (longitudinal direction) with the dimensions of 50 Â 15 Â 2 mm 3 , and each group including three samples. Besides a group of samples endured conventional shot peening, two other groups of samples for stress peening were pre-stressed by three-point bending method along the longitudinal direction. The magnitude of the prestress is 100 MPa and 200 MPa, respectively.
The SP treatments were carried out according to the conditions: 0.3 MPa jet pressure, 1 min time, 0.20 mm average diameter of Al 2 O 3 ceramic beads, 100 mm distance between nozzle and specimen, and 0.15 mm A Almen peening intensity. After SP, the hardness distributions in the deformation layers were measured by a DHV-1000 digital microhardness tester with loading weight 15 g and hold time 20 s. The measurements of the depth distribution of the residual stresses were performed by iterative electrolytical removal of thin surface layers and subsequent X-ray measurements along the longitudinal direction. Residual stresses were determined using the sin 2 -method with Cr-K radiation, and the shifts of Al(311) diffraction profiles were detected. At each depth, the reflection profiles were measured by a Dmax/rC diffractometer with Cu-K radiation, voltage 40 kV, current 100 mA, step size 0.01 . The standard sample is an Al powder which was annealed at 450 C for 4 h. At the same depth, the average values of the residual stresses and microhardness of the three peened samples in the same group were selected for describing their depth distributions.
Results and Discussion
The depth distributions of the residual stresses of the three variants peened samples are presented in Fig. 1 . The results reveal that the values of CRS increased with the depth to the peak value and then decrease. CRS were improved by stress peening. The peened sample prestressed 200 MPa shows CRS of À193 MPa directly at the top surface. And the maximum CRS is À276 MPa located at about 100 mm beneath the top surface. The value of the depth where the residual stresses change their sign is also higher (about 370 mm). These values are relatively lower for the other two samples and decreased with the prestress diminution. The amount of CRS induced by SP is directly related to the reduction of the applied tensile stress, which can cause fatigue failure. Therefore, higher CRS always result in greater improvements of the fatigue properties of the metallic materials. 9) Another important reason of SP improving the fatigue strength is the work-hardening effects which depend on the microstructures of the peened surface. X-ray diffraction (XRD) profiles are mainly determined by the microstructures of the crystalline materials. Figure 2 shows the depth distribution of the Al(111) and Al(311) reflection profiles of the peened sample prestressed 200 MPa. The measured line profiles are always fluctuant which influence the accuracy of the microstructures calculated from the reflection data. Using a Pearson type VII function, an X-ray reflection profile can be fitted and the K 1 component can be separated from K 2 at the same procedure. 10) Figure 3 shows the fitted results of the Al(311) profiles of the annealed aluminum powder and the peened sample prestressed 200 MPa directly at the top surface. Though the intensity of the Al(311) profile is relatively low, the fitted lines are in accordance with the measured ones. Using the same method, all the measured profiles were fitted and K 1 components were obtained. Then the K 1 components were used to calculate the microstructures.
The measured profile h is always a convolution of the structurally broadened profile f and the instrumental profile g. In this study, g is the profile of the annealed aluminum powder. The microstructures can be obtained using Voigt method.
11) The relationship of the breadths is given by Fig. 3 Fitted results of Al(311) profiles using a Pearson type VII function, (a) the annealed aluminum powder and (b) the peened sample prestressed 200 MPa at the top surface.
Where the subscript G and C denote the Gaussian and Cauchy components of a line profile, respectively. The f G and the f C can be calculated from eq. (1) and then the microstructures can be obtained. The Al(111) peak is the strongest line in the XRD pattern and the Al(311) peak is elastically and plastically isotropic. Then the two peaks were employed to calculate the domain size D and the microstrain " according to the following equations
Where superscript f 111 and f 311 are Al(111) and Al(311) peaks of f , is the diffraction angle at exact reflection position, and the wavelength of the incident X-ray. The depth distributions of the domain size and the microstrain of the three variants peened samples are shown in Fig. 4 and In the process of SP, a great amount of balls with high speed impact on the sample's surface which causes elastic and plastic deformations. As a result, fine domains and a large amount of dislocations are generated. In deformed materials such as aluminum, the microstrain mainly comes from dislocations. SP is in fact a process of repeated deformation. The deformation amounts were promoted by the tensile prestresses. For the metal matrix composite, the reinforcement particles in the matrix always act as sink sources of dislocations during repeated deformation. 12) At higher prestress, the deformation amount increased which results in smaller domain size and higher density dislocations/microstrain. The improved microstructures always have the positive influence on the fatigue properties of components and structures.
Microhardness measurements indicated significant increments of hardness in the surface layers of the three variants peened samples. Figure 6 shows the variations of microhardness along the depth from the top surface. It can be seen that stress peening can improve the hardness of the surfaces significantly, and the microhardness increased with increasing the prestresses. Moreover, the thickness of the layer that shows higher values than the core does is much larger for the sample prestressed 200 MPa, compared to the other two variants peened samples. Former study showed that nanocrystalline can be formed in shot time during SP, and the deformation layer has much higher hardness.
13) The values of microhardness are influenced by the work-hardening state which is determined by the microstructures of the peened surface. Furthermore, microhardness measurements need plastic deformations and therefore are affected by the residual stress state in a way that CRS lead to apparently increased hardness values.
14) The further increments of hardness for the stress peened samples are mainly due to the smaller domain size, higher value of dislocation density/ microstrain and CRS.
In stress peening, the stress state directly after peening but before unloading is assumed to be independent of the prestress. 6) During unloading from the prestress, the stress state is shifted in the same way for the prestressed stress which caused higher CRS. According to the former stud- Surface Layer Characteristics of TiB 2 /Al Composite by Stress Peeningies, 3, 6) the residual stresses changes are proportional to the prestress but only valid up to prestresses of about half the yield stress as afterwards the residual stresses change only degressively due to the reverse plastifications during unloading. In the present study, the changes are still proportional to the prestress up to 200 MPa, which is about 67% of the yield stress. This can be attributed to the existence of the reinforcements in the composites. During SP, the domain size and the dislocation density/microstrain decreased and increased, respectively. When SP under higher prestress, the surface deformation layer of the composite was further workhardened. When unloading, the movements of the dislocations were hindered by the reinforcements and the reverse plastifications were prohibited, which result in higher CRS.
The changes of the CRS and the work-hardening state at the surface are the two main reasons for the fatigue properties improvement of shot peened materials. Besides the prestress level, another important reason of CRS and work hardening increments induced by SP is the volume fraction or the total number of the reinforcements in the composite. During SP, the plastic flow along the surface was restricted by the inner materials which generated CRS. Therefore, CRS is influenced by the strength of the materials. The higher the strength, the more CRS is. The strength of the composite could be improved by higher volume fraction of reinforcements. Then the CRS induced by SP is higher for the composite with higher volume fraction of reinforcements. Furthermore, with the number of reinforcements increasing, more dislocations are generated by SP which results in smaller domain size and higher microstrain. Thus the work hardening was also improved under higher volume fraction of reinforcements. However, overhigh volume fraction may be detrimental to the elongation of the composite. Thus the 10% volume fraction was selected for this investigation.
In the present study, the size of reinforcement particles is less than 500 nm. Thus there are more reinforcement particles in the matrix though their volume fraction is relatively lower. Comparing to the monolithic alloy, the reinforcements in the composite play two important roles during stress peening. Firstly, the work-hardening state was improved by a large amount of dislocations gathering around the reinforcements. And secondly, the more reinforcements distributed in the matrix could retard the movements of the dislocations when unloading which increased the prestress level and then the CRS. It is reasonable to think that the stress peened composite can improve their fatigue strength and fatigue life.
Conclusions
The effect of stress peening on the surface layer characteristics of the TiB 2 /6351Al Composite were investigated. The results show that the CRS were improved significantly by stress peening. The increment of residual stresses is proportional to the prestress up to 200 MPa. During stress peening, the deformation amount increased which results in smaller domain size and higher density dislocations/microstrain. The more reinforcements distributed in the matrix retarded the movements of the dislocations and then the reverse plastifications were prohibited while unloading. Moreover, the microhardness of the surfaces were improved significantly by stress peening. The further increment of hardness is mainly due to higher CRS, smaller domain size and higher value of dislocation density/microstrain induced by stress peening.
